Many prey assess predation risk through information sources that decline in reliability over time (i.e., the information sources indicate a wider range of potential predation risk levels over time until they provide no information about the current predation risk). However, prey may lack the perceptual ability to accurately assess the reliability of ageing information sources. Here, evidence is provided that suggests that green frog (Rana clamitans) tadpoles are unable to assess the age of the chemical cue of predatory larval dragonflies (Anax junius) upon exposure to cue up to 48 h old (but can at 72 h). As a result, tadpoles may overestimate the level of risk when they encounter aged Anax chemical cue, resulting in a disproportionately strong behavioural response. In general, the results suggest that the predation risk assessment of prey depends not only on the objective characteristics of the information source, but also on the perceptual limitations of the prey. Prey may lack the context to accurately assess information sources and may consequently misestimate the actual level of predation risk.
Introduction
A prey's perceived predation risk depends both on the information available to the prey and on how the prey interprets that information. While the information available to prey is often limited (Lima & Steury, 2005) , an omniscient prey will be able to account for its limitations. For example, an omniscient prey would be able to make decisions based on the objective probability that the information is true. However, since prey are not omniscient, they may misinterpret the information available to them. Consequently, understanding the anti-predator decision-making of prey and its effects (e.g., trait-mediated indirect interactions and other non-lethal effects of predators mediated by prey anti-predator behaviour; Lima, 1998; Werner & Peacor, 2003) requires identifying how their perceptual abilities influence their predation risk assessment.
Many species of prey assess predation risk through chemical cues produced by predators and prey during and after predation events (Chivers & Smith, 1998; Kats & Dill, 1998) . Some studies suggest that predator chemical cue can linger in the environment for days after it is produced in freshwater systems (Turner & Montgomery, 2003; Peacor, 2006 ; but see Ferrari et al., 2008) , although physical factors such as water movement may act to dilute the chemical before it has completely degraded and numerous environmental factors can influence the degradation rate of chemical cues (Leduc et al., 2004; Peacor, 2006; Ferrari et al., 2008; Smee et al., 2008) . In environments where chemical cues may linger (e.g., freshwater ponds with little wind action), mobile prey will move through a chemical cue landscape consisting of more recently produced and ageing chemical cue. The reliability of predator chemical cue as an indicator of the current predation risk should decline over time. Cue concentration should become less correlated with predator location over time due to movement of both the chemical cue and the predator (Kats & Dill, 1998; Turner & Montgomery, 2003) . As a result, the range of the potential levels of predation risk associated with a concentration of predator chemical cue should widen as the cue ages, and eventually the chemical cue will provide no information about the current level of predation risk. Whether or not prey can distinguish between fresh and aged cue will determine their perceived risk. If prey can perceive differences in cue age and thereby assess aged cue as being less reliable, their anti-predator behaviour should be weaker and they should respond to predator chemical cue less strongly and for a shorter time. If prey cannot distinguish aged cue from fresh cue, their anti-predator behaviour may remain strong until the cue has completely decayed.
The ability of prey to detect the age of predator chemical cue may depend on the characteristics of the cue. Although there is evidence that some predator chemical cues are made up of several components (e.g., Schoeppner & Relyea, 2005) , there is little information available on the makeup of predator chemical cues in general (Burks & Lodge, 2002 , although studies of plankton chemical ecology have identified some predator chemical cues; e.g., Lass & Spaak, 2003; Pohnert et al., 2007) . If the chemical cue that prey use to assess risk consists of several different components, cue age may be detectable if different components decay at different rates. In this case, the relative makeup of the cue would change over time. However, if the components of the cue decay at the same rate, or if prey are able to detect only one component, the cue may only decline in concentration over time. Several studies have demonstrated that prey are capable of distinguishing fairly precisely between different concentrations of predator chemical cue (Van Buskirk & Arioli, 2002; Kusch et al., 2004; Fraker, 2008) . However, an aged chemical cue that had a strong initial concentration may have the same concentration as a more recently produced cue that had a weaker initial concentration. Assuming that chemical cue decline in reliability more quickly than it decays, prey that assess risk solely based on cue concentration may overestimate risk when they encounter aged cue.
Whether or not prey are able to detect cue age from the chemical makeup of a predator chemical cue, many prey should be able to measure the length of time that they have been exposed to a cue (Real, 1993; Dupuch et al., 2004 ; but see Yoerg, 1991) or the rate of decline in cue concentration over time. Prey may, therefore, use the length of a cue exposure as an additional information source to assess the decline in risk over time. Since the reliability of predator chemical cue will generally decline over time, prey may eventually stop responding to chemical cue during an exposure before the cue has fully decayed. In addition to perceptual processes, sensory habituation may lead to prey reducing or stopping their response to chemical cues before they have degraded or been dispersed (Peeke & Herz, 1973) . If the informational value of the cue declines more quickly than the cue is degraded or dispersed, the habituation may be adaptive.
I tested whether green frog (Rana clamitans) tadpoles are able to detect the age of the chemical cue produced by predatory larval dragonflies (Anax junius) consuming conspecific tadpoles (i.e., the chemical cue contained predator kairomones and tadpole alarm cues). I compared the activity levels among sets of tadpoles exposed to Anax chemical cue, in which the cue exposure period began immediately after the cue was produced and up to 72 h after it was produced at 24 h intervals. Because the chemical cue has not been identified, cue concentration was defined by the mass of tadpoles consumed to produce the cue. The actual cue concentration does not need to be known for this experiment because the question of interest is whether or not the tadpoles are able to detect cue age. Larval anurans assess predation risk mainly through predator chemical cues and vary the strength of their behavioural response (e.g., activity level) according to cue concentration (Van Buskirk & Arioli, 2002; Fraker, 2008) , so activity level can be used as a measure of perceived risk. The experiment was conducted under laboratory conditions (i.e., in well water, no water movement, fluorescent lighting), so the experiment identifies the perceptual limits of the tadpoles. Applying the results to the field, where the chemical cue may be degraded or diluted more quickly, is discussed below.
Material and methods
This experiment was conducted at the University of Michigan's E. S. George Reserve (ESGR) near Pinckney, MI, USA. It combines data from two experimental periods (2004 and 2006) . A treatment using a 400 mg cue concentration was conducted on 12-15 July 2004. For this treatment, the green frog tadpoles used were chosen from an egg mass collected from the experimental ponds at the ESGR on 22 June 2004. A treatment using a 200 mg cue concentrations was conducted on 23-26 June 2006. For this treatment, the tadpoles came from an egg mass collected on 1 June 2006. Because separate egg masses were used in each experimental period, comparisons were not made between data from each experimental period. Using tadpoles from a single egg mass may also introduce confounding genetic effects that limit generalizations, although a recent study suggests that the activity level response of green frog tadpoles exposed to predator chemical cue has a low heritability (Watkins & McPeek, 2006) . During both experimental periods, each green frog egg mass was cultured in a wading pool filled with 300 l of well water that was inoculated with zooplankton and phytoplankton. Wading pools were maintained outdoors, but were covered with fiberglass screen to keep invertebrate predators from colonizing. Tadpoles were fed rabbit chow (Purina, St. Louis, MO, USA) ad libitum. After the experiments were completed, all tadpoles were returned to the ESGR experimental ponds. Larval dragonflies (Anax junius) were also collected from the ESGR experimental ponds, and maintained in cups filled with 400 ml of well water. The Anax were fed one approx. 100 mg green frog tadpole three times per week.
The day before a cue exposure treatment began, 20 mg (mass range 18-22 mg) tadpoles were haphazardly allocated into sets of 10. Each set of tadpoles was placed into a set of two plastic containers filled with 7 l of well water. The outer container measured 37 × 24 cm. The inner container measured 33×20 cm and had the side and bottom panels cut out and replaced with 1 mm fiberglass screen. The inner container was used to transfer the tadpoles during a cue exposure into a new container. This method allowed perceived risk to be measured and is described below. 10% of the tadpoles' body mass in ground rabbit chow was added to the containers each day. The containers were unmarked and placed in randomized blocks on shelves under fluorescent lighting set to a 14:10 light/dark schedule and held at room temperature (21-22
• C). When chemical cue treatments were added to the containers, the treatment assigned to each container was recorded apart from the container or data sheet. This procedure resulted in the containers having identical appearances and was used to minimize any observer bias.
Each set of tadpoles in a block was assigned to one of five treatments: (1) no-cue control, (2) exposure to 0 h old (fresh) cue, (3) exposure to 24-hold cue, (4) exposure to 48-h-old cue and (5) exposure to 72-h-old cue. Also, in the 200 mg cue concentration treatment, three additional treatments were included to estimate perceived risk: (1) a 1-h exposure to fresh cue, (2) a 1-h exposure to 24-h-old cue and (3) a 1-h exposure to 48-h-old cue. Four replicates of each treatment were used.
Anax chemical cue was produced by moving individual Anax into cups of 400 ml of well water and feeding them two 100 mg tadpole for the 200 mg cue concentration treatment or four 100 mg tadpoles for the 400 mg cue concentration treatment. Preliminary experiments indicated that late-instar Anax (3.5-4.5 cm in length) consumed a mean of 100 mg (SE = ±10 mg) green frog tadpoles/h, with a maximum of 450 mg. Anax were allowed to feed for approx. 45 min, and most Anax finished consuming the tadpole(s) in 5-30 min. Once all of the Anax had completely consumed the tadpoles in their cue concentration treatment, the water and chemical cue from each cup in the treatment were poured through a fine net to remove any particles and mixed together in a large plastic container to average out any differences among individuals. The chemical cue was held in this plastic container until it was added to the tadpole containers. When the cue was added, 400 ml was poured gently into each tadpole container through a net to minimize disturbance. 400 ml of well water was added to the no-cue control treatments.
Fraker
Behavioural observations of the activity levels of the tadpoles were made beginning 10 min after cue addition and continuing each 10 min thereafter for 1 h beginning at approx. 1000 h each day (i.e., seven observations of each treatment). To make the observations, the tadpole containers were slowly approached and the numbers of tadpoles swimming and feeding were counted (i.e., tadpoles were classified as swimming or resting, and any movement was classified as swimming). In the 200 mg cue concentration treatment, I also estimated the level of perceived risk (Sih, 1992; Fraker, 2008) of tadpoles newly exposed to chemical cue of different ages. Estimating perceived risk provides another method to determine whether tadpoles can assess cue age. To do this, behavioural observations were made every 15 min during the 1 h exposure period, then ending the cue exposure by gently lifting the inner containers and moving the tadpoles into new outer containers filled with cue-free well water. This method minimized disturbance to the tadpoles. Behavioural observations then continued for every 15 min for 3 h. The duration of the time legs provides an estimate of perceived risk (Sih, 1992) , assuming that perceived risk declines at a constant rate after the cue exposure from its maximum.
One-way ANOVA was used to compare the mean activity level of tadpoles in each treatment. The two cue concentration treatments were analysed separately because the experiments were conducted in different years. For the perceived risk data in the 200 mg cue concentration treatment, repeatedmeasures ANOVA was used to compare the durations of the post-exposure time lags, with cue age as the between-treatment factor. The Huynh-Feldt correction was applied if data did not meet the assumption of sphericity. Bonferroni tests were used to make post-hoc pair-wise multiple comparisons. All statistical analyses were performed using SPSS 13.0 (SPSS, 2004) .
Results
In the 200 mg cue concentration treatment, tadpoles exposed to 0-, 24-and 48-h-old chemical cue strongly decreased their activity level compared to the control upon initial exposure to the cue (one-way ANOVA: F 4,15 = 64.6, p < 0.001; Bonferroni: all comparisons between control and 0-, 24-and 48-h-old cue, p < 0.001; Figure 1 ). Responses were similar in the 400 mg cue concentration treatment (one-way ANOVA: F 4,15 = 90.1, p < 0.001; Bonferroni: all comparisons between control and 0-, 24-and 48-hold cue, p < 0.001; Figure 2) . In data not shown, tadpoles continuously exposed to both concentrations of the 0-h-old cue had stopped responding or exhibited weaker activity reductions after 24 h. In the 200 mg cue concentration treatment, estimates of the perceived risk upon exposure to the cue indicate that tadpoles perceived similar risk from fresh and 24-h-old cue, but perceived significantly less risk from 48-h-old cue (repeated-measures ANOVA: F 13.4,60.4 = 21.65, p < 0.001; Bonferroni: 0-h-old cue-24-h-old cue, p > 0.99, 0-h-old cue-48-h-old cue, p < 0.001, 24-h-old cue-48-h-old cue, p < 0.001; Figure 3 ). The durations of the postexposure time lags were similar in tadpoles exposed to fresh cue and 24-hold cue. While tadpoles responded strongly at first during exposure to the 48-h-old cue, the strength of their response began to decline during the cue exposure, and they exhibited only a short post-exposure time lag.
Discussion
The results suggest that green frog tadpoles are unable to detect cue age upon initial exposure to Anax chemical cue up to 48 h old. Tadpoles newly exposed to the chemical cue responded strongly to cue aged 0, 24 and 48 h (Figures 1  and 3 ). Tadpoles did respond weakly or not at all to cue aged for 72 h (Figures 1 and 3) . Moreover, tadpoles newly exposed to fresh cue and cue aged 24 h perceived similar risk upon exposure (Figure 2) . Also, once tadpoles that had been continuously exposed to fresh cue had stopped responding, a new exposure to the aged cue still elicited a behavioural response in a new set of tadpoles (Fraker, personal data) . This observed behaviour may reflect habituation to the chemical cue. The results indicate that tadpoles perceived similar risk from both fresh and aged chemical cues. Assuming that the cue becomes a less reliable indicator of the current predation risk over time, tadpoles overestimated predation risk from the aged cues due to their perceptual constraints.
In systems of green frog tadpoles or other species that lack the perceptual ability to detect the age of predator chemical cue, non-lethal effects of predators mediated by prey behaviour (Lima, 1998; Werner & Peacor, 2003) could be strong. If predator chemical cue decays slowly, prey may always be either responding during a cue exposure or moving into a new cue exposure. For example, in the Anax-green frog tadpole system in nature, Anax chemical cue may always be present in the water given the cue degradation rate and the frequency of predation by Anax (Peacor, 2006; Fraker, unpublished data) . In laboratory conditions (i.e., no water flow, no pond substrate, no sunlight), Peacor (2006) and I have found that the Anax-tadpole chemical cue can remain potent for several days in pond water. In contrast, Ferrari et al. (2008) found that chemical cues produced by wood frogs persisted for only a few hours in natural pond conditions and skin extract of fathead minnows remains potent for only approx. 3 h (B.D. Wisenden et al., pers. commun.) . Additionally, since the diffusion and advection of chemical cues should dilute their concentration, aged cue at concentrations that induce strong behavioural responses over a long period of time may be uncommon in nature. Together, these results suggest that the potency of predator chemical cues may be limited in some natural conditions. However, where microbial activity and water movement are low, the chemical cues may persist for a longer time.
Measurements of Anax chemical cue concentrations in natural conditions have not been made in any system to my knowledge, although I found that tadpoles exposed to pond water collected from several sites within a pond and several different ponds reduced their activity level compared to a well water control (Fraker, unpublished data) . There was variation in the strength of their activity level response during exposure to the pond water collected from both within and between ponds. To make quantitative predictions of the effect of the perceptual ability of tadpoles on the strength of their response to aged chemical cues in the field, future studies will need to first chemically identify the cue, then identify how biotic factors such as bacterial degradation and abiotic factors such as water movement and pH determine how the potency of the chemical cue varies over time and space (e.g., Decho et al., 1998; Weissburg et al., 2002; Leduc et al., 2004; Wisenden, 2008; Smee et al., 2008) . If aged chemical cues are not encountered in the field, the perceptual limits of the tadpoles would not be disadvantageous.
In conditions where aged cues are potentially encountered, the inability to identify cue age upon exposure should have the strongest effect on prey behaviour and be most costly to them (i.e., in lost foraging time) when they encounter weaker cue concentrations. Since cue concentration decays as the cue ages, strong concentrations will be present only after recent predation events (i.e., when the actual level of predation risk is still relatively high). Weaker concentrations could be aging cue from an earlier, large predation event or a more recently produced and weaker cue from a smaller predation event (i.e., when the actual level of predation risk is low to moderate). Thus, distinguishing fresh from aged cue is more informative at weak cue concentrations. When exposed to strong cue, all prey will respond strongly. When exposed to weak cue, prey that cannot detect the age of the cue will be more likely to respond inaccurately to the actual level of risk (but see Peacor, 2006 for discussion on the effect of environmental factors, such as microbial activity, on the cue decay rate limiting the informational value of cue age).
In conclusion, the inability of prey to accurately assess predation risk from an information source may have a significant effect on the strength of their anti-predator behaviour. However, the influence of the perceptual ability of prey on their predation risk assessment is largely unstudied. Empirical studies of prey behaviour should be conducted with the perceptual ability of the prey in mind. Future studies of how prey use the information available to them should consider how prey are likely to encounter information sources in the field and how their perceptual abilities influence how they interpret this information.
